3 lead to overall failure of the system. Therefore, assessment of the mechanical properties of the SOFC components is important, particularly under conditions relevant for operation. This enables quantification of stresses and is required to understand reliability issues, and in developing fail safe cell-and stackdesigns.
To evaluate the mechanical reliability, the stresses under operation of the SOFC stacks must be assessed together with the material resistance to failure. Typically, a statistical approach (Weibull distribution ) is preferred to assess the distribution of the strength of brittle components at operational conditions; as it offers simple experiments and stress analysis 5-13]. The drawback is however that strength measurements of as many as 30 samples under the same condition are needed to get a good statistical representation and avoid large uncertainty on parameter estimates, as pointed out by Khalili and Kromp 14. All cells will already have experienced loads (a "base load"), from various processes in the production, which will make a few cells fail. Thus, a three-parameter Weibull distribution is perhaps a better representation of the population, as the third parameter is lower limit to strength representing this base load. A three-parameter Weibull distribution does however require an even higher number of specimens (~100) [11, 15] .
The strength of Ni(O)-YSZ composites has received much attention as this is the main structural component in the anode supported cell design, and various effects of the processing, reduction of the Ni phase, size effects and redoxing has been investigated at room temperature. Radovic and Lara-Curzio 6 studied the dependence of strength on porosity at room temperature for both Ni-YSZ and NiO-YSZ, where the propertyporosity trends were found to be in good agreement with predictions of the minimum solid area model. Frandsen et al 12 showed that this was also valid even regardless of what process parameters were varied resulting in the variations in porosity.
Faes et al 16 compared tensile uniaxial and ball-on-ring strength measurements of as-sintered NiO-YSZ anode materials. In spite of the great variation in measured strength from the two methods, the results were shown to be comparable given the strength scaling with so-called effective volume. Biswas et   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 al 17 also reported an influence of thickness (600-900 µm) on strength of anode supported half-cells.
The strength was comparable in the oxidized condition but differed in the reduced condition, which was tentatively ascribed to an un-even reduction of the thicker sample. Moreover, the reduced half-cell structures characterized by a higher porosity presented a higher strength compared to the unreduced ones in their work, which is contrary to other results in the literature 5-7. The reason could be that residual stresses of the tested half-cells were not considered in the characterizations. The decrease of strength and elastic modulus after reduction as observed in Ref. 5-7 is ascribed predominantly to the associated increased porosity by reduction. Moreover, it is found that the strength of the Ni-based anode materials can be influenced by reduction parameters 5. Faes et al 18 measured the strength of half-cells at room temperature for reduction temperatures of 600 C and 1000 C and enhanced strength was observed at higher reduction temperature.
In partially stabilized 3YSZ sub-critical crack growth may occur and the strength of Ni(O)-3YSZ may thus be load rate dependently, see e.g. [19, 20] . Hashida et al [21, 22] also showed that plastic deformations occurred before fracture in their Ni-YSZ cermet given a sufficient slow loading rate.
The temperature dependence of the elastic modulus of both as-sintered and reduced Ni(O)YSZ composites has been studied by Pihlatie and Biswas et al 17, 23, 24. A peaking of stiffness was observed to coincide with the Néel temperature of NiO in the as-sintered state and above this temperature, a slight decrease occurred. In the reduced state the elastic modulus decreased linearly with temperature.
The strength of Ni(O)-YSZ at high temperature has been measured at 800 C in a few studies 7, 15, 21, 22, and it has commonly been shown that the strength is reduced relative to room temperature.
The strength at 800 C in the oxidized state was shown to be reduced relative to room temperature by 13 % and 27 % in [7] and [15] , respectively, and by 20 % in reduced state [15] . However, only in one case [7] a high number of samples (30) were tested in the oxidized state at high temperature, allowing a reliable determination of the Weibull modulus. In the other works typically only the average strength has been 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 supplied. This relates to the Weibull parameters via , where m and  0 are the Weibull modulus and Weibull strength, respectively, but does not describe the strength distribution. The reason for this is that the conventional mechanical test approach suffers from the drawback that a considerable experimental effort is needed to characterize the needed number of samples (~30). Just recently, Frandsen et al developed an accurate strength measurement method using a special fixture for 4-point bending, which is designed to allow efficient test of components at high temperature in controlled atmosphere 13.
This novel approach allows for testing of a high number of samples (up to 16) in one heat up, and thus significantly reduces the time needed to obtain statistically reliable data.
In this work, the influence of temperature on the strength of Ni(O)YSZ anode supports was studied using a large number of specimens (~30) at various temperatures relevant for operation of SOFCs to investigate if the Weibull parameters varies significantly with temperature. The reduction itself, as well as the conditions for reduction can influence the defect population, size and distribution in the reduced anode materials, residual stresses and consequently the macroscopic mechanical properties. Therefore the strength distribution after reduction at different temperatures was also investigated. Furthermore, the influence of the reduction temperature was investigated for a larger range of temperatures. Also, the microstructure was studied and associated with the observed changes in mechanical properties. Based on the measurements the strength and failure strain dependency on the temperature is investigated to identify possible weakening mechanisms and what phase that determines the strength at different temperatures.
Experimental procedures

Materials
The anode supports tested in this study were prepared from a mixture of commercial nickel-oxide (NiO) and 3 mol% Y 2 O 3 stabilized ZrO 2 (YSZ) powders using standard ceramic processing including tape casting and sintering, see e.g. Ref. [25] . The composition of the NiO-YSZ anode support was 55 wt% 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 NiO with 45wt% YSZ. The as-sintered anode support had dimensions of approximately 1201200.3 mm 3 with a porosity of around 13 %. Rectangular samples of 7.3 mm by 60 mm were laser cut from the as-sintered NiO-YSZ material. In order to ensure reproducibility, the samples to be characterized were stacked and glued together with epoxy, and then polished. By this procedure a surface finish of approximately 1 µm is achieved and edge defects are effectively removed, as the defects from the laser cutting branches approximately 5-10 μm into the NiO-YSZ support 26. After polishing the epoxy was removed by acetone. The resulting polished samples had a dimension of around 7.0 mm by 60 mm.
Testing procedures
In this work, the influence of both reduction temperatures and testing temperatures on the strength of Ni(O)-YSZ anode supports were studied. Thus, two different sets of experiments were carried out:
I. Influence of reduction temperature: Samples were reduced at 4 different conditions: 700 C (8h), 800
C (6h), 900 C (4h) and 1000 C (2h) in 9% H 2 -91%Ar. After reduction, bending tests were conducted at 800 C under reducing conditions.
II. Influence of testing temperature: Bending tests were conducted over the temperature range from room temperature to 800 C on both as prepared and reduced samples. In this test series, reduction was carried out at 800 C (6h) and bending tests of reduced samples were conducted in 9% H 2 -91%N 2 . Unreduced samples were tested in air.
All the reduction experiments were conducted in a tube furnace with 9% H 2 -Ar as reductant, which was introduced only once the specimens had reached the desired reduction temperatures. The bending tests were conducted with an in-house built high temperature 4-point bending rig in which up to 16 samples can be tested in one heat up with controlled atmosphere. In this rig, the span between the two inner loading pins is 25 mm and the span between the two outer support pins is 50 mm. More details Fracture surfaces and polished cross sections were characterized by field emission scanning electron microscopy (FESEM, Supra, Carl Zeiss, Germany). Energy Dispersive Spectroscopy (EDS) was used for elements and phases identification. The SEM images were analyzed with ImageJ® freeware to determine porosity and other geometrical features 27. The porosity and pore size distribution of some selected specimens were also determined by the mercury intrusion method using an automatic Hgporosimeter (AutoPore IV 9510, Micromeritics, Norcross/GA, USA).
Mechanical analysis
The stress field inside the samples can be calculated by use of thin beam theory using the measured load-displacement curves in the 4-p bending experiments. However, the stress varies across the sample which is not captured by the beam theory, see Fig. 1 . Thus, both the maximum stress and socalled effective volume will be in-accurately determined using the beam theory. In this work, the strength was therefore determined for each sample by large displacement finite element simulations (FEM), whereby the maximum first principal stress and the effective volume can be accurately determined.
The load displacement curves were found to be linear at all investigated temperatures and atmospheres, and thus the material behavior in the FEM has been assumed to be elastic. In other works (e.g. Hashida et al 21, 22) a significant non-linear load-displacement curve for Ni-YSZ cermets was found when tested under reducing conditions 21, 22. This is probably due to the higher loading rate used in the present work (0.5 mm/min in this work; 0.05 mm/min in Refs. 21, 22), which results in smaller influence from primary creep [28] . However, since we did not load "infinitely" fast a small plastic 
Where m and  0 are the Weibull modulus and Weibull strength, respectively characterizing the distribution, and V eff is the effective volume defined by Eq. (3). The multi-axial stress field is taken into account by use of the multi-axial Weibull theory, where the stress variation is accounted for by integrating each of the different principal stress components ( 1 ,  2 and  3 ) independently over the entire volume of the samples 29-31. Experimentally, the probability of failure (P f, ex ) assigns a probability of failure between 0 and 1 to all of the recorded stresses at failure in ascending order 14:
, 0.5
The calculated stress at failure for the N samples are ranked in ascending order, i= 1, 2, 3..., N,
where N is the total number of the tested samples in each batch. The Weibull modulus (m) and characteristic strength ( 0 ) was obtained by linear least squares regression of the experimental data (P f ,  i ) with the distribution defined by Eq. (1). The effective volume V eff can according to the multi-axial Weibull theory, be obtained by integrating the axial tensional stresses over the volume of the sample 31 
The strength analysis outlined above assumes that the weakest spot under tension determines the strength of the component. One should always consider V eff when analyzing strength and when comparing reported strength obtained by different methods as larger specimens or larger V eff have greater probability of containing a larger, more severe flaw. Otherwise the measured strength from a smaller tested volume could give a wrong impression of a stronger material. The Weibull weakest-link model leads to a strength dependency on component size 9, 10, 32:
where  0 ' and  0 " are the characteristic strengths of specimens for type 1 and 2 (which have different dimensions), V eff ' and V eff " represent respective effective volumes. In order to compare the strength measurements, they should be scaled to a similar effective volume, using the Eq. (4). In this work, all the characteristic strengths presented were scaled to an effective volume of 1 mm 3 .
Elastic moduli (E) were determined from the slope of the load-displacement (ΔP/Δd) curves in 4-point bending test according to 33:
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where a is the distance between the loading points and the support points, and I is the moment of inertia defined here by I=wh 3 /12 (L, w, h are the length, width and height of the specimens, respectively).
The specimen dimensions (a, w, and L) shown in Eq. 
Results and discussion
Influence of reduction temperature on strength of Ni-YSZ anode supports
The NiO-YSZ specimens were reduced at either 700, 800, 900 or 1000 C. To ensure that all the specimens are fully reduced at each reduction temperature, the reduction period varied with temperatures; 8h, 6h, 4h and 2h, at 700, 800, 900 and 1000 C respectively. After reduction, 4-point bending tests were performed at 800 C in 9% H 2 (N 2 balance). Regardless of the reduction temperatures, the weight loss of the Ni-YSZ anode supports during reduction is around 11.8% for all the specimens, which indicates that the anode supports were fully reduced, according to the chemical composition of the NiO-YSZ anode support. All the specimens were taken from the same batch, which had a porosity of 13% ( 0.1%) before reduction. After reduction, the porosity was 36% for all the samples.
The strength measurements of the samples reduced at different temperatures are shown in Fig. 2a together with the fitted Weibull probability distributions. The correlation coefficients (R Table 1 together with the elastic moduli (E). The scaled characteristic strength ( 0 ') (see section 2.3) of the reduced anode support is higher than 120 MPa, and the elastic moduli (E) are in the range between 30.7 and 37.8 GPa, depending on reduction temperatures. The Weibull moduli (m) are higher than 12. As stated above, a surface finish of approximately 1 µm was achieved after polishing, whereby the edge defects were effectively removed.
Thus, the high Weibull moduli indicate that the intrinsic flaws of the porous anode are evenly distributed and thus that the ceramic processing is of good quality.
Only small differences of strengths and elastic moduli are observed among the Ni-YSZ anode supports reduced under different conditions, as shown in Table 1 . However, the characteristic strengths for the 900 and 1000 C reduction lie respectively 4% and 12% above the values recorded at the reduction at 700 or 800 C ( Table 1 and Fig. 2b ). This is presumably related to microstructural differences and shows that although complete reduction and similar porosity are obtained for the samples under different 318 MPa to 361 MPa as reduction temperature increased from 600 C to 1000 C, as also listed in Table   1 .
The failure strain (
) is perhaps an even more interesting quantity describing the mechanical performance of the cell than the strength, because during operation the main mechanical load on the cells stems from differences in thermal expansions over the cell plane (and stack volume), which are governed by the uneven temperature distribution that establishes due to uneven reaction rates and heat transportations by the gasses. The importance of failure strain has also been realized in other works on energy materials 12, 34. For an unconstrained cell the strain field is independent of the elastic moduli of the cell materials. In other words, the cell has to withstand a certain strain field rather than a specific stress. As seen in Table 1 and To better understand the influence of reduction temperatures on microstructure evolution during reduction, the polished cross sections of the reduced Ni-YSZ anode supports were investigated. Fig. 3 shows the SEM images of the Ni-YSZ anode supports reduced at different temperatures, together with the unreduced NiO-YSZ. From image analysis by ImageJ, the porosity of the unreduced NiO-YSZ specimen is determined to be around 13%, which increases to 36% after reduction, regardless of the reduction temperatures, in good agreement with the weight loss measurements. Even with increased porosity, the phases are still well connected in the reduced specimens.
Energy Dispersive Spectroscopy (EDS) was used to identify different phases: YSZ, NiO, and Ni.
In the unreduced specimen (Fig. 3a) , the darker areas are NiO and the white parts are YSZ. After   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 reduction, the YSZ particles remain white and kept their smooth surface texture. Although the grey level of the Ni phase is similar to that of the YSZ phase, the Ni particles present some scratches, which were formed during polishing due to the ductility and low stiffness of the Ni. This helps to distinguish the Ni particles. Compared with the NiO particles, the newly formed Ni particles are smaller. The increased porosity in the reduced Ni-YSZ is a result of this volumetric shrinkage during the reduction of NiO to Ni.
Regardless of the reduction temperatures, no darker NiO particles could be found in Fig. 3be , which confirms that NiO is reduced completely under all the investigated conditions in this work.
To further elucidate the microstructure for these specimens reduced at different conditions, the porosity and pore size distribution was evaluated by mercury porosimetry, as shown in Fig. 4 . The measured porosity is around 36% for all the specimens reduced at different temperatures, which is consistent with the values obtained by image analysis. It is found that the pore size distribution of all the specimens is mono-modal. However, the average pore size clearly increases from 0.35 m to 0.60 m as the reduction temperature increases from 700 C to 1000 C. It should be noted that the pore size diameters given by the porosimetry are the entry diameters to pores and do not always give a true quantitative representation, but are valuable for comparison between samples as it represents an integral quantity.
According to the Griffith criterion 36, 37, the fracture of brittle materials results from the propagation of cracks from critical defects, which preexists in the sample resulting from some steps in the manufacturing process. In porous material, the pores generally act as stress concentrators to higher degree than e.g. large particles in a composite, as the change in stiffness is larger from pore to solid than that from one solid to another solid. Compared to pore size, the shape of the pores plays a more critical role in determination of the stress field within the porous component. As all the specimens investigated in this work were taken from the same batch, it can be reasonably assumed that the critical defect size and shape are comparable before reduction. During reduction at high temperature, diffusion among the newly formed Ni particles is promoted as temperature increases, which results in larger pores at higher reduction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 temperatures. Moreover, it is also expected that the promoted diffusion at higher temperature among Ni particles is beneficial for healing some of the defects or flaws within the material, e.g. by smoothening micro notches via sintering, as these notches constitute high surface area per volume domains of the microstructure. It is assumed that fewer and smoothened defects are present in the specimens reduced at higher temperature even though this is not evident from the SEM images. The complexity of the microstructure makes it difficult to quantify the defect concentrations. The tendency of improved strength and enhanced elastic modus at elevated reduction temperature supports the postulate that fewer and smoothened defects are present in the specimens reduced at higher temperature. Such healing effect of defects and consequent strength improvement after high temperature treatment has also been reported in other structural ceramics 38-40.
On the other hand, it has recently been shown that at the point of reduction all residual stresses in the Ni(O)-YSZ structure are effectively removed 28, and compressive residual stress will thus be accumulated in the YSZ structure during cooling down after reduction, due to the smaller thermal
) 41. The YSZ framework provides the main mechanical strength in the Ni-YSZ composites. Therefore, the anode supports reduced at higher temperature (900 C and 1000 C) should benefit from the compressive residual stress, resulting in improved strength. While for the samples reduced at temperatures lower or equal to the testing temperature, residual stresses build up which could potentially decreases the strength of the anode support (the latter is not observed experimentally). Whereas the residual stresses can thus account for the trend in the observations, that samples reduced at 900 and 1000 C are slightly stronger than the samples reduced at 800 C; but they cannot account for the observation of no variation in strength between the samples reduced at 700 C and 800 C. (see Table 1 and Fig. 2b ).
Nonetheless, it should be pointed out that conditioning of a SOFC stack (including reduction) at temperatures higher than 800 C could be a challenge when using commercial steels as Crofer 22 APU for the interconnects, as the corrosion rate and grain growth rate increases strongly above this temperature 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 42. Thus, the potential strength gain of 12 % that can be achieved through reduction at 1000 C may not be overall advantageous for the stack. For this reason a reduction temperature of 800 C is chosen as the reference reduction temperature for the following study of the temperature dependency of the strength of the reduced anode support.
Influence of temperature on strength of reduced/unreduced anode supports
As discussed in the previous section increasing the temperature where reduction takes place has a small positive impact on anode support strength and thus the reliability of the stack. Also the maximum temperature experienced during stack assembly and the temperature of operation will affect the mechanical reliability of the stack, and hence it is important to study their effect on anode support strength. In this section, the influence of temperature on strength was investigated for both the reduced NiYSZ (reduced @ 800 C) and unreduced NiOYSZ anode supports. samples. The Weibull parameters and elastic moduli are shown in Table 2 and Table 3 , for reduced and unreduced samples respectively. The variation of Weibull strength (scaled to V eff =1 mm 3 , see Eq. (4)), failure strains and elastic moduli with temperature are also plotted in Fig. 6 .
As all the specimens were taken from the same batch and supports with the same porosity were carefully picked, the inherent flaw distributions and hence the Weibull moduli were a priori expected to be similar at all testing temperatures. This is however not the case, the Weibull moduli show some difference among the tests conducted at different temperatures, especially for the unreduced specimens ( residual stress release between the phases). Therefore investigations of high temperature properties in this system can be limited to the number of samples needed for obtaining an accurate Weibull strength rather than to the number dictated by accurate assessment of the Weibull modulus, as this was not observed to change significantly with temperature. Even so, it should still be pointed out that a practical number of strength tests should be performed to obtain a desired level of confidence associated with a parameter estimate. The number of test specimens needed depends on the precision required in the resulting parameter estimate. Details relating to the computation of confidence bounds can be found in Refs 43, 45. As an illustration, with the modulus characteristic of the samples studied here, to detect a 10 % difference in  0 (as found here between the 1000 C reduction and 800 C reduction) with a confidence of 90 % requires 7 samples; a difference of 20 % could be detected with the same level of confidence with 2 samples; whereas a difference of 5 % requires 29 samples (estimated by use of Monte-Carlo simulations as in Ref. [43] ).
In order to compare the strength properly, the strengths presented in Fig. 6 were scaled to the same effective volume of 1 mm 3 (see also σ 0 ' in Table 2 and Table 3 ). The strength of the reduced anode supports shows a linear decrease with increasing testing temperature from room temperature to 800 C ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 from 268 MPa at room temperature to 121 MPa at 800 C, as shown in Table 2 and Fig. 6 . The failure strain of the reduced anode supports first increases from 0.34% at room temperature to 0.44% at 600 C, and then decreases to 0.39% at 800 C. The failure strains of reduced Ni-YSZ in this work are comparable to the reported values of pure YSZ 35, which are also similar to the calculated values based on the reported strength and elastic modulus in Ref. 22, as shown in Table 2 . The degradation of strength of ceramics at elevated temperature generally relates to the softening of grain boundaries or secondary phase 46, 47. According to Griffith theory 37, the strength σ of a material is dependent on a number of properties, as shown in Eq. (6):
Where α is defect shape factor, γ s is the fracture energy and c is the defect size. In general as temperature increases the interatomic distance increases, and consequently, the bond stiffness between atoms will be reduced. Macroscopically, this corresponds to a reduced elastic modulus at elevated temperature. This is particularly so for phases with low melting point, such as glass phases and metallic phases (Ni in this work) 48, explaining the observed decrease in elastic moduli of the Ni-YSZ samples reported in Table 2 and Fig. 6 , which decreases 61% from 78.3 GPa at room temperature to 30.7 GPa at 800 C. The degradation of strength is primarily due to a decrease in elastic modulus with temperature, but also the increase of ductility and thus a decrease in load bearing capacity of the Ni phase at elevated temperature may contribute to the strength reduction. A direct verification of this would require measuring the fracture energy or fracture toughness at different temperatures. According to Eq. (6), an estimate of the fracture energy can be obtained roughly from the measured characteristic strength and elastic modulus, which is proportional to σ 0 2 /E. The values of σ 0 2 /E for the reduced specimens tested at different temperatures are shown in Table 2 . It is found that σ 0 2 /E drops from 0.92 MPa at room temperature to 0.48 MPa at 800 C. Even though σ 0 2 /E is a rough estimate of fracture energy, it can still 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 give a qualitative comparative measure of the energy needed to propagate a critical flaw. In the Ni-YSZ composites here studied the fracture energy is thus observed to decrease with increasing temperature.
Compared to the reduced anode supports, the unreduced specimens show much higher strength and elastic moduli, but significantly lower failure strains over the investigated temperature range ( Table 3 and Fig. 6 ). When considering the strength measured at room temperature, the reduced anode supports at room temperature (268 MPa, V eff = 1 mm 3 ) is approximately 36% weaker than the unreduced specimens (421 MPa), as a consequence of the reduction process. The strength and elastic moduli decrease due to reduction becomes more significant at elevated temperatures. A number of studies 5-7 have shown that the reduction process has a large influence on the strength and elastic modulus of Ni-containing composites due to the change of microstructure, with the main cause being the increase in porosity. It can also be seen that the temperature dependence of the strengths, the elastic modulus and the failure strains of the as-prepared anode supports is very different from those observed for the reduced samples. Almost no change of strengths, elastic moduli and failure strains is observed for the unreduced anode supports over the testing temperature range from room temperature to 800 C ( Table 3 and Fig. 6 ).
The temperature dependence of the elastic modulus of Ni(O)-YSZ anode materials is well described in literature, showing fairly similar trends [17, 23, 24] . The elastic modulus in oxidized state (NiO-YSZ) exhibits a peak at temperature around 250330 C related to the antiferromagnetic to paramagnetic transition of NiO, followed by a slight decrease (less than 3% upto 800 C), though a shift in temperature appears when comparing the data between [23] and [24] . In the reduced state the elastic modulus decreased linearly with temperature. Strength drop at elevated temperature has previously been reported by Nakajo et al [7] , Sukida, Sato, Hashida et al 21, 22 and Malzbender et al [15] for reduced Ni-YSZ anode materials and half-cells, which are consistent with our measurements. Nakajo et al [7] and Malzbender et al [15] however also reported a 13 % and 27 % decrease respectively in strength with increased temperature for the oxidized state. This was not observed in this work nor in Refs. 21, 22, where less than 5% decrease in strength was observed for NiO-YSZ from room temperature to 800 C. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 A large number of empirical and theoretical models have been proposed to express the dependence of the magnitude of elastic modulus and strength on the volume fraction of porosity, e.g.
linear, exponential and non-linear correlations [6, 7, 23, 47, 50] . In the present work, the exponential relationships describing strength and elastic modulus as a function of porosity were used to fit the experimental data, as this has previously been successfully applied for SOFC anodes [6] : is primarily due to the increased porosity introduced by reduction. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   20 But at 800 C, the predicted strength (224 MPa) and elastic modulus (97 GPa) of NiO-YSZ (p=0.36) are much higher than the measured values for Ni-YSZ with the same porosity (strength: 121
MPa; elastic modulus: 30.7 GPa). Thus, at high temperature the change of phase (from NiO to Ni) plays a much more significant role. If we consider that the Ni in the Ni-YSZ (p=0.36) composite does not contribute to the strength, the residual YSZ framework has a porosity of around 0.68. It is interesting to note that a calculated strength and elastic modulus of a sample with a porosity of 0.68 would be 98 MPa and 41 GPa respectively, which actually lie fairly close to the measured values of the Ni-YSZ (strength:
121 MPa; elastic modulus: 30.7 GPa). This thus indicates that at high temperature (800 C), the further decrease of strength and elastic modulus in the reduced Ni-YSZ sample is due to that the Ni phase carries only a minor part of the load.
It is noteworthy that when comparing failure strains rather than failure stresses the picture changes. The failure strain of the Ni-YSZ (0.34-0.44%) is higher than that of the NiO-YSZ (0.22-0.24%), as shown in Fig. 6 (For strength it was opposite). The reason for this is most likely that in the reduced Ni-YSZ sample, the metal Ni phase, which has a high ductility will deform plastically under load especially at high temperature (where creep is active). Thus, the YSZ phase determines the strain at failure in the composite and the observed value for the Ni-YSZ in fact corresponds well to that of pure porous 3YSZ
35. The lower failure strain observed for the NiO-YSZ composite must thus be due to that the less compliant NiO limits of failure strain of the composite.
In order to get an insight into the evolution of fracture mechanisms for the Ni(O)YSZ anode supports with elevated temperatures, the fracture surfaces of the specimens after testing at different temperatures were investigated. As an example, Fig. 8 shows the SEM images of fracture surfaces tested at room temperature and 800 C, for both the reduced and unreduced specimens. It is seen that the specimens present distinctly different microstructure. The SEM images clearly show the faceted surfaces of fractured YSZ grains under all the testing conditions. As the grain size of YSZ is as fine as 200300 nm, the YSZ grains consequently failed in a predominantly intergranular manner after bending test no 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 matter the testing temperature, and no matter whether the samples are reduced or not (Fig. 8) . Several such fractured YSZ grains are indicated in the figure. While, fractures in the Ni(O) phase are mainly found in the unreduced specimens ( Fig. 8a and c) . It is clear that the big NiO grains in the unreduced specimens present a predominantly transgranular fracture after bending test. The fracture mode of the NiO grains remains unchanged with temperature (Fig. 8c) . This is in good agreement with the observation that strength does not vary with temperature for the NiO-YSZ samples. In the reduced specimens, a few transgranular fractured Ni particles can be observed in the specimens tested at room temperature, as shown in Fig. 8b . But the Ni particles in the reduced specimens do not appear to be deformed at 800 C (Fig. 8d) . Additional fractography (Fig. 8e-f Previous research on porous Ni(O)-YSZ composites has indicated that the YSZ framework in the composite provides the main mechanical strength, both in reduced and unreduced samples, and both at room temperature and high temperature 5. In addition to the YSZ phase, it is evident that the NiO grains also contribute significantly to the strength in the unreduced specimens both at room temperature and high temperature. While in reduced specimens, only a few transgranular fractured Ni particles can be observed in the test at room temperature, the Ni phase contributes much less to the strength of the structure at high temperature, which is in good agreement with the relatively fast unloading of the Ni phase through creep 55. As well in good agreement with our analysis in Fig. 7 , these results of fracture topography confirm that at room temperature, the degradation of strength and elastic modulus of the reduced Ni-YSZ sample compared to the unreduced one is primarily due to the increased porosity introduced by the reduction; but at elevated temperatures, the further degradation of strength and elastic modulus in the reduced Ni-YSZ is due to a diminished contribution of the Ni phase in carrying load for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 the brittle deformation. On the other hand the reduction leads to a significant increase in failure strain of the anode support by a factor of 1.52, which is beneficial for the operation of a SOFC. This can be explained by that the rigid brittle NiO phase is replaced by ductile Ni.
Conclusions
In this work, the influence of operational conditions, including reduction temperatures and testing The influence of four reduction temperatures at 700 C in 8h, 800 C in 6h, 900 C in 4h and 1000 C in 2h was studied. The NiO could be reduced completely at each of the investigated conditions.
It was found that mass diffusion among the newly formed Ni particles is promoted as temperature elevates, which results in larger pores at higher reduction temperatures. This yielded a tendency of a slightly improved strength (12%) and enhanced elastic moduli at elevated reduction temperatures in spite of the increasing mean pore size. This could be due to the promoted mass diffusion among Ni particles at higher temperature, resulting in some healing of the defects or flaws within the material. We suggested the hypothesis for the strength increase that the compressive thermal residual stress accumulated in the YSZ particles is also beneficial for the improved strength when the samples were reduced at temperatures higher than testing temperature. As another indicator for the cells mechanical performance, the failure strain of Ni-YSZ anode support was determined, it achieves a maximum at a reduction temperature of 900 C.
Further studies were conducted to investigate the strength and elastic moduli dependency on temperature for both the unreduced and reduced Ni(O)YSZ anode supports with a fixed reduction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 23 temperature at 800 C. Considering measurement uncertainty, the respective Weibull moduli remain constant at different temperatures for both the reduced and un-reduced states. Thus new defect types do not seem to appear with temperature variation (e.g. from internal residual stress release between the phases). Therefore for this system, it is acceptable to let the number of samples for assessment of high temperature properties be dictated by the needs for assessment of the Weibull strength rather than for the Weibull modulus.
With increasing temperature, the strength and elastic moduli of the reduced NiYSZ specimens drop almost linearly from respectively 268 MPa and 78.3 GPa at room temperature to 121 MPa and 30.7 GPa at 800 C respectively. In contrast, almost no drop of strength and elastic moduli is observed in unreduced NiO-YSZ anode supports. The strength and elastic moduli of the unreduced NiOYSZ anode supports (400 MPa and 180 GPa respectively) remain almost constant over the investigated temperature range from room temperature to 800 C. Compared to the NiO-YSZ specimens, a significantly lower strength and elastic modulus of the reduced Ni-YSZ is observed over the investigated temperature range.
From the results it is deduced that the strength and elastic modulus degradation at room temperature for the reduced Ni-YSZ is primarily an effect of the increased porosity (increased from 13% to 36%) introduced by reduction independent of the apparent material phases; but at elevated temperatures, the further strength reduction in the Ni-YSZ is due to a diminished contribution of the Ni phase to the strength of the composite.
Looking instead at the failure strains; these are observed to increase significantly between the samples in oxidized state and the ones in reduced state. The failure strain in the Ni-YSZ was observed to lie between 0.34 and 0.44%. The strain of failure is 48% and 83% higher for the samples in reduced state than that for the as-prepared ones at room temperature and 900 C respectively. The high failure strain of the Ni-YSZ (0.34-0.44%) is due to compliant Ni phase, and thus that the failure strain is determined by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 24 the YSZ phase. Indeed the failure strain of the Ni-YSZ compares well with that of pure YSZ (3YSZ). The failure strain of the NiO-YSZ (0.22-0.24%) is however significantly lower and it must thus be due to the less compliant NiO-phase. It should be noted that the failure strain is in many cases more important for the mechanical performance of the SOFC than the strength, as the mechanical load is mainly determined by thermal expansions. Hence in a simplified picture of the strength of the Ni-YSZ and NiO-YSZ, one may state that Ni-YSZ behaves like porous YSZ, particularly at high temperature where Ni is "soft";
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* Inside brackets is the 90% confidence interval.
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